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1. Introduction 


Modern power networks are subject to several challenges: load 
growth, changes in geographical distribution of the generators, an 
aging energy infrastructure, new environmental policies and eco- 
nomic pressures. The historical solution to deal with these issues, 
i.e., upgrading the infrastructure, can solve the first three issues, but 
is constrained by the latter two [1]. Also, extension of the transmis- 
sion network is usually not possible, or has long lead times, due to 
the “not-in-my backyard” attitude of the local community. Distrib- 
uted generation (DG) can ease the pressure on transmission system 
capacity by supplying some of the load. However, DG connection in 
the conventional “fit-and-forget” strategy increasingly conflicts with 
the primary objective of the power system, i.e., to deliver reliable 
energy supply. The intermittent nature of an increasing share of 
generators and the increased share of not-actively dispatched units 
can jeopardize the stability of the system. Also, most DG units are 
connected to weaker distribution networks, in which voltage and 
congestion problems increasingly occur. Therefore, the microgrid 
concept has been presented as a potential means to combat 
problems by the unconventional behavior of DG and to increase 
the DG penetration [1]. 

By presenting a systematic organization and a coordinated 
integration of DG in the network, the microgrid has more capacity 
and control flexibility to fulfil system reliability and power quality 
requirements compared to a single DG unit [2]. Depending on the 
location and capacity of the DG units, the microgrids operate at 
medium or low-voltage distribution level, where this paper focusses 
on low-voltage microgrids. As it presents itself to the utility as a 
dispatchable load, the microgrid behaves as a controllable entity. 
This offers important scaling benefits for the distribution network 
operator. It also enables the (small) microgrid elements to partici- 
pate in the electricity markets. Aggregating different kinds of DG 
units, storage elements and loads in a microgrid can, for example, 
reduce the prediction errors of the generated wind power by 
changing the load profile or the output of other generators. 

Microgrids can operate in grid-connected mode or islanded 
mode. In islanded microgrids, the units are responsible for the 
voltage control as well as the power sharing and balancing. The role 
of the power-sharing feature is to ensure that all modules share the 
load according to their ratings and availability of power from their 
energy source. As most DG units are interfaced to the grid through 
power-electronic converters, islanded microgrids require specific 
converter control strategies, an overview of which is given in this 
paper. Initially, paralleled control in the islanded operation origi- 
nates from uninterruptible power supply (UPS) systems. In [3], it is 
applied in isolated microgrids. Both communication-based control 
strategies and controllers without communication can be used. 

The units can be classified in grid-forming (voltage-controlled) 
and grid-following (current-controlled) DG units. In an islanded 
microgrid, at least one grid-forming DG unit is required as other- 
wise, there is no voltage reference and no control to maintain the 
power balance. In the single master operation, one unit operates as a 
grid-forming inverter. The other units operate as grid-following 
units [3]. In the multi-master operation, more than one unit is grid- 
forming, possibly combined with grid-following inverters [3]. 
The grid-forming units are responsible for reacting on the fast load 
variations dependent on their ratings, while grid-following units 
inject a pre-determined amount of power into the network. 


2. Classification 
As discussed earlier, the DG units can be classified in grid- 


forming or grid-following units. The mainly used control strategies 
for grid-following inverters are discussed in [4]. This paper focusses 


on the control strategies for grid-forming converters which take part 
in the power sharing and balancing of the microgrid. Of course, next 
to these grid-forming converters, grid-following converters can be 
present as well, which can be regarded as negative loads. 

A further classification of the grid-forming control strategies can 
be based on the communication requirements. Communication- 
based controllers include master/slave control and central control. 
Controllers without communication are generally based on the 
droop concept. Of course, these control schemes can be overlayed 
by a secondary, slower control, that changes the set-points of the 
units using communication. This paper does not include secondary 
and tertiary controllers. An overview of the primary controllers, 
that are responsible for the microgrid stability, is given, including 
detailed control schemes. 


3. Simplest method to connect inverters in parallel 


The simplest method to connect inverters in parallel is to 
physically add an inductor at the output of the inverters [5]. 
However, a bulky inductor increases the size and cost of the 
system. In case the load current contains harmonics, the output 
voltage will also be strongly distorted by the inductors. Another 
implementation is to include a series resistor at the output of the 
individual sources [6]. The main disadvantage is the increase of 
power losses. 

With these output impedances and in case of equal terminal 
impedances and output voltages, the output current of the 
converters will be shared equally. However, in real situations, 
the parameters of the converters have deviations. The load 
sharing is sensitive to phase angle differences, line impedances, 
output LC filter values and so on. When two power sources are 
only connected through a line inductance, the smallest phase or 
amplitude deviation causes circulating currents between the 
converters and, hence, a power sharing that is not controlled. 
This sensitivity is the reason why converters controlled at fixed 
frequency f and voltage V cannot operate in parallel [7]. There is 
always a voltage difference caused by the tolerance of the sensors, 
references, temperature drift, aging and crystal differences. 


4. Control strategies with communication 


The control strategies with communication achieve good voltage 
regulation and power sharing. Also, opposed to the droop controllers 
discussed further, the output voltage is generally closer to its nominal 
value. However, these strategies need communication lines between 
the modules. Communication lines are expensive and vulnerable, 
especially for long distances. They could also reduce the system 
reliability and expandability and limit the flexibility of the system. 


4.1. Central control/concentrated control 


In the central control method, a central controller coordinates the 
power-electronic interfaces in the microgrid to maintain the balance 
in active power P and reactive power Q in steady-state conditions [1]. 
A communication link between the central controller and each unit 
is required. Central control has the advantage of using simple 
control algorithms in the converters. However, large expenses for 
the communication lines and a supervisory control center are 
required. Hence, central control is difficult to implement in highly 
distributed and large systems [1]. Central control also makes it 
difficult to expand the system [8]. 

A possibility for central control is to use the single master 
operation, with one unit in the grid-forming mode. The power 
sharing can be achieved by using a central controller that 
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measures the total load power and distributes the weighted value 
(for example, with weighting according to the ratings of the DG 
units) to all units. The other DG units operate in grid-following 
mode, following the grid voltage and changing the output power 
according to the centrally communicated signals. The synchroni- 
zation can be achieved by using a phase locked loop (PLL). 
However, it is difficult to achieve a fast response for power 
distribution control due to the inherently relatively slow response 
of the PLL [9]. 

The central-limit control (CLC) is discussed in [10-12] and 
the control scheme is depicted in Fig. 1. The power sharing and 
voltage regulation are controlled centrally and the subsequent 
commands are distributed through a communication link. A 
central controller defines the set-value of the current for each 
module. This reference current ief is a fraction of the load current 
ijoaq that is measured by the central controller. For N equal 
modules irer = ijoaq/N, i.e. the central-limit reference current 
(the mean value of all source currents). It is also possible to 
connect units with different power-ratings to the system. Then, 
for each unit, a different reference current is needed and the 
central controller uses individual weighting functions instead of 
1/N. Of course, the sum of the N weighting functions should 
be equal to one. The central controller also determines a voltage 
correction term ve to control the measured load voltage vo to 
its reference value v,e and communicates this voltage ve to all 
modules. To determine the central v,e, several options exist as is 
discussed in [11]. The local controllers of each module control 
their output current to the reference current received from the 
central controller. The output v, of the current controller is added 
to ve. The output voltage of each module is generated from ve+V¢ 
and generated by using pulse-width modulation (PWM). The 
shared signals that require a communication link are ve and ier. 

An advantage of this method is that current sharing is forced 
during all times, also during transients. During transients, the 
current loop is responsible for maintaining power sharing 
between the modules. The voltage loop will recover the voltage. 
With this method, accurate power sharing is achieved in steady- 
state as well as during transients, opposed to the master/slave 
control schemes in which the master unit delivers most of the 
compensation current during the transients. The main disadvan- 
tage is that both ve and i,.¢ have to be distributed to all converters 
by using a high-bandwidth communication link to synchronize 
the units [13]. 

Note that the line impedances are generally not considered 
explicitly in this paragraph (Section 4), opposed to in Section 5 
consisting of controllers without communication. Neglecting 
the line impedances in the control strategies is a significant 
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Fig. 1. Central-limit control principle. 
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Fig. 2. Power deviation control. 


disadvantage, as the definition of load voltage vo becomes unclear 
when the microgrid consists of a feeder with multiple DG units 
and loads. 

The power deviation method is based on the theory that the 
active and reactive power are separately determined by the phase 
angle and amplitude of each module’s output voltage, respec- 
tively. In this control method, the load current ijpag is (centrally) 
measured and divided by the number of operating inverters N (or 
by using a weighting factor) to obtain i... This information is 
fed to all modules. From i,.s—i,,; and vo, the power deviation, i.e., 
the active component AP and the reactive component AQ, are 
evaluated. In [14] and Fig. 2 the inverters are connected to the 
common bus via a series inductance. As will be discussed further, 
in inductive networks, the active power P is predominantly 
defined by the power angle 0, and the reactive power Q is mainly 
determined by the inverter voltage amplitude vo. The power angle 
is dynamically controlled by slightly changing the inverter 
frequency. The reactive power deviation AQ, the common grid 
voltage reference Ve and inverter output voltage vo determine 
the set value v; of the inverters. The active power deviation 
AP and the frequency reference, determine the new frequency 
set-value . 


4.2. Master/slave control 


In this control strategy, both voltage and current controllers 
are used. In central-limit control, the converters share the total 
load current by using weighting factors. A disadvantage is, thus, 
that if the sum of these factors differs from one, due to for 
example the shut down of a unit or a programming fault, the load 
current is not supplied properly [12]. In master/slave control on 
the other hand, the master only has voltage control, no current 
control. Hence, this unit delivers the transient current and 
compensates for wrong weighting factors. The master module 
is responsible for output voltage regulation and to specify the 
reference current of each inverter. The slave units track the 
current command provided by the master to achieve an equal 
current distribution. It is well-known that a master-slave control 
can realize excellent current sharing performance with easy 
implementation, even with non-identical modules. However, 
master/slave control does not achieve redundancy as the slave 
units depend on the master module. Another drawback is that as 
the master output current is not controlled, high output current 
overshoot during transients can occur. The slave units react 
slower to the transient current demand such that the master 
needs to provide the compensation current [13]. Therefore, a high 
master current overshoot can be achieved during the start-up 
transients since the master has no current control [15]. Commu- 
nication signals of relatively high bandwidth, i.e., instantaneous 
current and voltages, are distributed throughout the system. 
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Different strategies for assigning the master are possible, such 
as [16]: 


e dedicated: master is a fixed module 

e rotary: master is arbitrarily chosen 

e highest-crest current: master is the module with maximum 
rms or crest current 


4.2.1. Without central controller 

The master/slave control scheme without central controller 
consists of a single master and a set of slave inverters without 
additional central controller [15,13,16,17]. The master operates as 
a voltage-source inverter (VSI) in order to control the load voltage 
as shown in Fig. 3. It also measures the total load current and 
determines the set-value of the current for each slave unit. The 
slave units operate in current-control mode acting as current- 
source inverters (CSIs). In the master/slave control method of 
Fig. 3, derived from its dc/dc variant in [15], the reference current 
of the slaves equals the master output current im = İref. A Current 
controller controls the slaves’ output current i; to the reference 
current ief. The output of the slave’s current controller ve is added 
to a master-signal ve and forms the input of the PWM. The signal 
Ve can be seen as a feed-forward term. The master module 
controls Vo tO Vef via a voltage controller with output ve, which 
is directly used for the PWM pulse generation of the master. 

An advantage of this strategy is that voltage recovery is 
obtained by the voltage controller of the master and the current 
control loops of the slaves together [13]. A disadvantage is that 
both current sharing signals (im) and voltage (ve) feedback signals 
are distributed by using a relatively high bandwidth communica- 
tion link as instantaneous values are communicated [13]. The 
current sharing is accurate in steady-state, but during the tran- 
sients, large differences between master and slave currents can 
occur due to the limited bandwidth of the communication. The 
master delivers most of the compensation current. 

For the master/slave communication scheme, several possibili- 
ties exist. In a first one, the master unit sends its signals to all other 
units. Therefore, the number of interconnections in this implemen- 
tation can become quite large. However, if any slave fails, the 
system would still be operational, leading to a certain degree of 
redundancy. In a second implementation, the units are arranged in 
ring configuration. Therefore, the master unit sends its signals only 
to one (first) or two (first and last) slave units. This reduces the 
number of interconnections, but can compromise the redundancy. 


master 
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With both configurations, the reliability of the power system is 
dedicated to a large extent by the reliability of the master unit [18]. 
Therefore, in [18], a rotating priority window, providing random 
selection of the master is suggested to increase the reliability. In 
[19], extended monitoring by two redundant monitoring systems is 
performed. These systems define one of the healthy blocks as the 
master. 


4.2.2. With central controller 

A second variant on master/slave control is the control strategy 
with a central controller as shown in Fig. 4. This approach is based 
on the method for operating UPS systems in parallel and is 
described in [13,9,20-22]. The master is responsible for the voltage 
control and is, thus, a VSI, while the slaves take care of the current 
control in the CSI mode. Opposed to the control method without 
central controller, the master current is not equal to the reference 
current and the master does not provide this reference current to 
the slave units any more. This task is performed by a central 
control unit, that calculates the central-limit reference current 
(ief = Noad/N) and distributes this to all slave units. Compared to 
the method without central controller, the voltage reference value 
is not shared, the only distributed signal is the slaves’ reference 
current ief. 

The advantages and disadvantages are analogous to those of 
the master/slave control without central controller. Like in the 
previous master/slave control during transients, the master tries 
to recover the output voltage, which may lead to large master 
current transients [13]. This can become critical in large systems 
wherein the master has to take the transients of the whole 
system. Only one signal has to be distributed, but still a high 
bandwidth of the communication link is required. There is always 
a time or phase delay between the output current of each slave 
unit and the load current [9]. 

An advantage of this method is that in grid-connected mode 
the grid can be regarded as the master. Therefore, there is no 
need for specific control methods for grid-connected and islanded 
operation. Also, good load sharing is achieved. However, because 
of the presence of a single central controller and one master, the 
system is not redundant. 


4.2.3. Auto-master-slave control 

In [23], an auto-master-slave control strategy is proposed, 
which is a variant of the master/slave control. The main principle 
is depicted in Fig. 5. 
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Fig. 3. Master/slave control principle without central controller. 
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Fig. 4. Master/slave control principle with central controller. 
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The control circuitry employs an active power share bus and a 
reactive power share communication bus interconnecting all the 
paralleled units [23]. All inverters measure their output power. 
The inverter with the highest output power becomes the master 
inverter, drives the power bus and its power is the reference for 
the other inverters [23]. Although two buses are used in this 
method, the signals are almost dc and the noise can be eliminated 
easily, so the information can be transferred over long distances 
[23]. This is in contrast to the master/slave and central control 
schemes, where instantaneous values of voltage and/or current 
(i.e., varying with at least a 50 Hz frequency) need to be dis- 
tributed. The master of real power drives Ppus, which becomes the 
reference signal for the other units. In the master, AP = 0, while 
for the slaves AP = Ppus—P;. By using AP, the frequency compen- 
sation value is calculated. Therefore, the master works in refer- 
ence frequency f= fep. For the reactive power, an analogous 
regulation is adopted in [23], also including a master reactive 
power unit. The value AQ determines the reference voltage of 
the units. 


4.3. Instantaneous(-average) current sharing 


Another control strategy that depends on inter-unit communica- 
tion is the instantaneous current sharing technique. Opposed to the 
master/slave control scheme, no master controller is present. 
Average current sharing does require a current sharing bus and 
reference synchronization for the voltage. The voltage and current 
references are the shared signals among the modules. The objective 
of the shared information is to determine the deviation of the 
individual output current from the desired value [24]. Since the 
output currents of the inverters are regulated at every switching 
cycle, the instantaneous-current sharing scheme has a good perfor- 
mance both on current sharing and voltage regulation [24]. Even if 
the output currents contain many harmonics, the inverters can 


1 Paus = Pavé 

i a a fret 
- AP Af 

1 m + 

1 Kp 

' + 

f Uref 
i z AU 

i RO i + 

i —| Ko — 
; + 

P, 

' Qi 
P, = Pax — Pous = Pt 


Q1 = Qmax Qbus = Qı 


module 1 is master of active power 
module 1 is master of reactive power 


share the output currents equally. However, interconnections 
between the inverters are necessary. This limits the flexibility of 
the system and degrades the redundancy [24]. 

The control principle is depicted in Fig. 6. Each inverter is 
connected to the load through an impedance Z;. By taking this 
impedance into account, there is no common voltage reference 
of the DG units equal to the load voltage vo. The references of 
the voltage-feedback loops are synchronized to make the output 
voltages of all inverters in phase. To achieve this, a common 
voltage reference is generated for all the individual modules [25]. 
This voltage reference is the input of the inner voltage control 
loop. The output of the outer current-sharing loop is added to this 
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Fig. 6. Instantaneous average current sharing. 
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value such that each inverter contributes the same power to the 
load [24]. Each inverter provides a measurement of its output 
power to the current-sharing bus, which generates a common 
current reference ief [24,26]. The value i;e minus the measured 
terminal current of the DG units forms the input of the current 
sharing loop. 

The reference i,.¢ can be the highest output current, the output 
current of the inverter with the highest clock frequency or 
the averaged output current [24]. A disadvantage of the highest 
current control (HCC) is that the sensed highest output current can 
include noise, which deteriorates the performance of the current 
distribution and output voltage regulation. In addition, non- 
identical component characteristics and input voltage variation of 
the paralleled inverters might also deteriorate in system perfor- 
mance [27]. In [27,28], the averaged current-sharing strategy (ACSS) 
is used to achieve an equal current distribution and to reduce noise 
effects occurring at the converter switching transition. In [29], the 
average current sharing method is combined with load current 
feed-forward to improve the output characteristics. However, with 
the HCC and ACSS, it is difficult to achieve a weighted current 
distribution control when the paralleled inverters have different 
power ratings [30]. Therefore, a current-weighting-distribution- 
control (CWDC) is used in [30] to achieve a weighted output 
current distribution among the inverters. This allows for inverters 
with different power ratings, opposed to the case where the factor 
1/N is used for the current distribution. The control strategy is 
analogous to the other instantaneous current sharing strategies and 
is depicted in Fig. 7. First, the average current is calculated, which is 
defined as (with N the number of units) 


po Seat 
ls = TN a) 


inner-current 


Uref 


feedback loop 
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Then, for each unit, the reference current is calculated by using a 
weighting function: 


E. = E 
* OOM PD/N 


The value P; represents the nominal active power output of inverter i. 

To improve the current and power sharing when the line 
impedance is different among the inverters, adaptive gain schedul- 
ing is introduced in the instantaneous average current sharing 
control scheme in [26]. 


(2) 


lref,i = 


4.4. Peak-value based current sharing 


In [31,32], the control area network communication protocol is 
used to obtain accurate power sharing and smooth mode transfer. 
In the islanded microgrid operating condition, one converter 
operates with a voltage dual-loop controller to control the ac- 
bus voltage to a reference value. For this, an inner current control 
and an outer voltage control loop with proportional-resonant (PR) 
controllers are used. The other converters only have a current 
control loop with a PR controller. The control strategy is summar- 
ized in Fig. 8. The reference amplitude of the current-controlled 
inverters is determined by the obtained current amplitude of the 
voltage-controlled inverter by using peak value calculation (PC) 
and is communicated via a communication bus [32]. The refer- 
ence phase is determined by using a PLL that calculates the phase 
angle of the voltage of this module. An automatic reference 
generation (ARG) calculates the current reference of the 
current-controlled units, to minimize the current peak difference 
and phase difference. Only the magnitude and phase information 
of the ac current need to be communicated [32]. The frequency 
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information is not transmitted because it is automatically tracked 
by the PLL (opposed to the master/slave control scheme). 


4.5. Circular chain control 


In the circular chain control (3C) scheme depicted in Fig. 9, the 
modules are connected in a circular configuration and each 
module tracks the inductor current of the previous one. In this 
way, equal current distribution is achieved [33]. An outer voltage 
control loop is used, such that each module controls its output 
voltage vo to a reference value Vf. As shown in Fig. 9, line 
impedances are neglected, thus, a small system is considered. The 
output of the voltage controller, together with the measured 
inductor current of the module and that of the subsequent one, 
forms the input of the inner current control loop. 


4.6. Distributed Control 


The distributed control method can be applied to parallel 
converters [13,34]. It is important in distributed control to reduce 
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the number of communication lines to improve the implementa- 
tion and the reliability. The shared bus consists of signals such as 
voltage reference, current reference and averaged feedback vol- 
tage, which come from all the modules. In this way, the system 
will keep running in case a module breaks down. 

The distributed control method (DCM) of [13] uses low- 
bandwidth communication to maintain instantaneous power shar- 
ing and high power quality under various loads. In the previous 
methods, if the bandwidth of the distributed signals decreases, the 
disturbance rejection will be compromised as higher frequency 
components are not regulated. Therefore, in the DCM method, a 
central controller provides fundamental frequency power sharing 
between the different converters by distributing a low-bandwidth 
signal to all converters. Power quality aspects are dealt within the 
local controllers, by means of higher-frequency signals. The differ- 
ence between the conventional control schemes and the DCM 
method of [13] is shown in Fig. 10, with d a disturbance. In the 
conventional control scheme, a signal y is controlled to its 
reference value y*, with controller output v*. In the DCM, a remote 
central controller regulates the low-frequency components of y, 
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determining vj, and communicating it to the plant by means of a 
low-bandwidth signal. For the higher frequency components, a 
high-bandwidth signal is locally controlled to zero. 

The DCM scheme is shown in Fig. 11. The central controller 
controls the low-frequency components of the load voltage to Vef 
and determines the low-frequency reference i; |; for the converters, 
that has relatively low bandwidth and can be transmitted via a 
communication link of limited bandwidth [13,34]. Steady-state and 
low-frequency issues are, thus, controlled centrally and a low- 
bandwidth communication channel is employed to distribute the 
control signals to the individual units. The control is distributed 
between this low-bandwidth central controller and high-bandwidth 
local controllers. The local controllers are responsible for rejecting 
high-frequency disturbances, such as harmonic suppression, with- 
out the use of a communication channel [13,34]. They control the 
high-frequency components of the load voltage to zero. The current 
controller’s input is formed out of three components. The first 
component consists of the central ifp for fundamental frequency 
power sharing and voltage regulation. The second input of the 
current controller is the local voltage controller’s output, which 
determines the high-frequency component feedforward of the 
inverters output current i, ; yr and leads to additional power quality 
improvement. The third is the measured high-frequency component 
of the output current. 

In conclusion, voltage regulation and fundamental power 
sharing are controlled centrally. The DCM method is distributed 
in the sense that the higher frequency components are dealt with 
by local controllers. However, still, a single point of failure is 
present. The supply of harmonic currents to the loads and 
disturbance rejection requires a high-bandwidth feedback and is 
handled locally by each inverter [13,34]. The main advantage of 


central control unit 


the method proposed in [13,34] is that the control topology uses a 
communication link of limited bandwidth to maintain power 
sharing between the units. 

The distributed control can be seen as a variant on the master/ 
slave control. A central control block controls the reference 
voltage and influences the output current of the units. The voltage 
magnitude, frequency and power sharing are centrally controlled. 
Hence, in distributed control, only low bandwidth communica- 
tion is required. The harmonic support is done locally, opposed to 
in the master/slave control scheme. 


4.7. Angle droop 


In [35], angle droop control is presented. This is a control 
method that uses communication for phase angle referencing. In 
the conventional droop methods, which are discussed further, P 
and Q are controlled through the frequency and amplitude of the 
reference voltage. In angle droop control, the phase angle, relative 
to a system-wide common reference (a phase angle reference), is 
used for the control: 


ô = 09—m(P—Pp) (3) 


V = Vo-n(Q-Q0) 4) 


Mostly, GPS signals are used to obtain the reference angle. In 
this way, no inter-unit communication is required. In [35], it is 
discussed that the choice for using phase angle instead of 
frequency in the active power droop is beneficial as the maximum 
frequency restricts the choice of droop gain in the conventional 
P/f droop control. This can lead to chattering in case of frequent 
load changes [35]. 
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Fig. 11. Distributed control method (HF =high-frequency, LF=low-frequency). 
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5. Control strategies without communication 


The strategies that operate without inter-unit communication for 
the primary control are based on droop control. Operation without a 
communication link is often essential when connecting remote 
inverters. It also makes it easy to achieve redundancy and avoids 
the complexity, high costs and the requirement of high reliability of a 
supervisory system. Also, such systems are more easy to expand 
because of the plug and play features of the modules. Therefore, 
especially for long distances and high-bandwidth requirements, 
communication lines are often avoided. Nevertheless, droop control 
also has some inherent drawbacks, such as the trade-off between 
power sharing accuracy and voltage deviations, unbalance in harmo- 
nic current sharing and dependency on the inverter output impe- 
dance. To overcome these issues, some variations on the conventional 
droop controllers have been presented, such as injecting high- 
frequency signals (i.e., > 50 or 60 Hz) in the power lines as discussed 
in Section 5.3. Another disadvantage is that the local controllers in the 
converters are more complex than when a central controller is 
used [8]. 

Here, only primary controllers are considered. Overlaying 
secondary and tertiary controllers can change the set-points of 
the primary controllers by using communication. The primary 
objective of the primary controller is to maintain the stability of 
the system [36]. 


5.1. P/f droop control 


A well-known way to realize a plug and play feature for each 
DG unit is employing the conventional droop control [2]. In the 
transmission system, the synchronous generators are equipped 
with P/f droops. If the extracted ac power of the power station is 
larger than its input mechanical power, the generator will slow 
down because of its inertia. Hence, the frequency of its terminal 
voltage will lower. In this way, the phase angle of the voltage will 
decrease and because of the line characteristics, also the ac power 
will decrease. In this way, a self-regulating system is obtained 
[37]. The frequency is a global parameter, i.e., equal (constant) in 
the entire system and the rotational speed of the generators is 
directly linked to the frequency. Hence, each generator will 
measure its speed and droops it in a P/f droop with negative 
slope to change its input mechanical power. In this way, accurate 
power sharing between different generators is obtained. 


5.1.1. Conventional P/f droop control 

Droop control was introduced for standalone microgrid control 
in [1,36,38-43]. The P/f droop control method is based on 
mimicking the operation of synchronous generators. In the con- 
ventional power system, the droop control method changes P as a 
function of the grid frequency, and is based on the inertia of the 
synchronous machines (P(f)). As the converter-based microgrids 
generally lack this inertia, the P/f droop method in microgrids is 
based on the line characteristics as discussed below. The power 
flow equations from a source E4 with phase angle 6 to a voltage E2 
with phase angle O (phase angles are relative values) through a 
line impedance Z = R+jxX equal: 


Ey n a 
P= —— [R(E1—E2 cos 6)+ XE? sin 6 5 
R 7x! (. 1 2 ) 2 ] ( ) 
Q= Pi [-RE; sin 6+ X(E;—E2 cos ò)] (6) 
= RX 2 1 2 


For a mainly inductive line impedance, R may be neglected. 
Further considering that ô is typically small, it is reasonable to 


assume that sin ô ~ ô and cos 6 ~ 1 [2]: 


E z 
~ ~ [E20] (7) 


E 
~ y [E1 E>] (8) 


For this reason, in inductive networks, a linkage between active 
power and phase angle 6 and between reactive power and voltage 
amplitude exists. For the control, the frequency is used instead of 
the phase angle as the units do not know the initial phase value of 
the other units. Also, due to component tolerances for example, 
minor differences in the frequency of a signal can occur although 
the same reference frequency is used. Hence, it is necessary to 
compensate for the difference between the crystal clock genera- 
tors [16]. Therefore, in the P/f droop control method, the P of the 
generators is drooped with the measured terminal frequency 
(P(f)). However, in converter-based microgrids, measurements of 
the instantaneous frequency are not straightforward, while mea- 
suring the active power is easier [40]. On the other hand, the 
frequency of a converter-system can be controlled independently, 
opposed to the frequency of a synchronous generator that is linked 
to its rotational speed. Therefore, generally, a droop with f as a 
function of the measured P (f(P)) is proposed, which is analogous to 
determining P as a function of the measured f (P(f)) [44] 


Wi = Wref +Kp(Pj—P ref) (9) 


Preferably, the droops are coordinated to make each DG system 
supplying real power in proportion to its power capacity [2] 
Oref ~ Omi 
Ki ref min <0 10 
j Pi ret —Pi, max ( ) 
In case multiple DG units are connected in parallel, they share the 
load according to their droops analogously as in the conventional 


power system. Similarly, the amplitude of the voltage is drooped 
with the measured reactive power 


Vi= Vief +Ko(Qi—Qi ref) an 
Vref —Vmi 

Koa i min 5 J2 

z Qi ref —Qi max ' l 


The choice of Kp and Kg influences the network stability [45]. 

The control algorithm with conventional droop control is 
depicted in Fig. 12. The invertor operates as a voltage source with 
voltage and frequency determined by local control loops [36]. 
Only the steady-state power and voltage are communicated by 
using secondary controllers in a microgrid management scheme. 
An advantage of the droop method is its simplicity because no 
extra interconnections among the inverters are required. There- 
fore, high modularity, flexibility (i.e, plug and play) and good 
reliability can be achieved. However, the performance of the 
voltage regulation and the transient responses is lower and the 
harmonic currents cannot be shared properly with the conven- 
tional P/f droop control method. Also, there is an inherent trade- 
off between voltage control against the accuracy of Q and P 
sharing [46,47]. In choosing the droop coefficients, there is a 
trade-off between the magnitude of the droop and the stability. 
Large droops speed up the load sharing, but can cause instability. 
Smaller droops slow down the control [37]. Because of the 
proportional controllers without integral term (i.e., droops), the 
frequency and voltage in the microgrid are not constant but load- 
dependent . A slow dynamic response is obtained as low-pass 
filters are required to calculate the average P and Q [46]. Another 
disadvantage of this method is the inability to provide rejection 
of the voltage harmonic content and to control zero-sequence 
unbalance [34]. 
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Fig. 13. P/f droops and Q/V droops with virtual output impedance. 


Some solutions to these issues have been discussed in the 
literature. A virtual output impedance [48], frequency restoration 
[49] and a derivative controller [50-52] can be included in the 
droop method. 


5.1.2. Variants on P/f droop control 

The droop control method has some problems to be solved, 
like a line-impedance dependency, inaccurate P or Q regulation 
and slow transient response [53]. Therefore, different variants on 
P/f droop control have been presented to cope with these issues. 

Derivative term. To improve the dynamics of the system, 
a derivative term is included in the adaptive derivative droop in 
[51]: 

dP; 

© = 0 +Kp(Pi—Pi ret) + Kp Ge (13) 
dQ; 
dt 
In small microgrids, large load changes can be expected, hence, 
adaptive transient derivative droops (` -values) are used in [51] to 
add damping and to avoid large start-up transients and circulating 
currents 


Vi = Vret + Ka(Qi-Qirer) + Ka,a a9 


~ dP; 
@ = @* +Kp(P;—Pi ret) + Kpa ae (15) 


Vi = Veer +Kq(Qi—Qirer) + Roa 


d 


A pole placement problem changes Rpa and Koa [51]. 

Virtual output impedance. To avoid P-Q coupling, a virtual 
output inductor can be included, which introduces a predomi- 
nantly inductive impedance without the need for line impedance 
information. In [48,50], a virtual inductive output impedance is 
implemented in the inverter by including fast control loops in 
the droop control method as shown in Fig. 13. The input of the 
voltage controller becomes [2]: 
Vref = Vref,from droops—Lvirt = 


dQ; 
7 (16) 


(17) 


A concern from the virtual inductor control scheme is the 
derivation of line current ig [2]. Differentiation can cause high- 
frequency noise amplification, which in turn may destabilize the 
DG voltage control scheme especially during a transient [2]. A 
common approach to avoid noise amplification is to add a 
low-pass filter to the measured grid current to avoid the intro- 
duction of excessive noise into the system [54,2,46]. However, 
this approach is subject to the trade-off between the high 
frequency noise attenuation and the fundamental component 
phase and gain errors (or tradeoff between the overall control 
scheme stability and the virtual inductor control accuracy) [2]. 
Therefore, another method is using a high-pass filter instead of 
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a pure derivative [48] 
s 


TOE a9) 


Vref = Vref,from PQ droops— Lyirtig 
The virtual output impedance method is effective in preventing 
the P-Q coupling, but can increase the reactive power sharing 
error due to increased voltage drops. Therefore, in [2], the reactive 
power control is improved by on-line estimating the voltage 
drops and the local load demand. 

In addition, soft start is included in [46] to avoid initial current 


peaks 


Lyirt = Lint. + (Lito -Liin pe "Ter (19) 


with Liro and Lire the initial and final values of the virtual 
output impedance and Tstart the time constant of the soft start 
operation. 

Frame transformation. To avoid P/Q coupling, next to the virtual 
output impedance method, virtual P and Q frame transformation 
has been proposed [55]. A transformation matrix with angle 0, 
that is dependent on the R/X value of the lines, is used to calculate 
the virtual powers P’ and Q’. The droops become: 
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The droops are, thus, equal to those of (9) and (11), but with P and 
Q replaced by P’ and Q’, respectively. In this way, despite the non- 
zero R/X value of the lines, P/Q decoupling is achieved as if the 
network were purely inductive. In general, the value X/R is not 
accurately known, but according to [55], an estimation of R/X is 
sufficient. 

Another method that uses frame transformation is presented 
in [56]. Here, the transformation angle @ is continually adapted to 
reach a minimum current and accurate power sharing. However, 
according to [57], the slow dynamics of the added current droop 
can make this method impractical. 

As the virtual power frame (P’—Q’) cannot directly and accu- 
rately share the actual power, in [58,59], a virtual frequency—voltage 
(q@’—E’) frame is used. This method also achieves a decoupled power 
control and an improved system stability. 

In [60], an adaptive droop controller is presented in which the 
grids phase angle is estimated by using a PLL to determine the 
frame transformation angle 0. 

Harmonic power sharing. An interesting method to share the 
harmonic burden is the usage of G/H droops, with G the harmonic 
conductance and H the harmonic var (volt-ampere reactive), in 
[61] and shown in Fig. 14. The harmonic power H is calculated 


Wi = Oref + Kp(P;—P; 20 
i ret + Kp(Pi—Pi rep) (20) according to the instantaneous reactive power theory [62]. This 
This is equal to method is based on inductive lines, thus the G-H droop control 
X R cooperates with P-f and Q-V droop controllers for the funda- 
Oi = Oret +Kp z (Pi—Pi ref) + Kp 5 (Qi-Qi,ret) (21) mental components. 
i In [63], a variant of these G/H droops is presented. The 
For the reactive power distortion D is calculated by using S? = P? + Q? +D?. The distortion 
Vi = Vref + Ko (Q-Q! ret) is shared by adopting the gain (and bandwidth) of the voltage 
X ' R controller dependent on D as shown in Fig. 15. The downside is a 
= Eef + Ko 7 Qi-Qirer) +Kq 5 Pi—Pirer) (22) reduction in voltage waveform quality. 
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Fig. 15. Harmonic power sharing: sharing the distortion by adapting the bandwidth of the voltage controller. 
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In [46], an additional current harmonic loop is added in the 
control strategy for properly sharing non-linear loads. Selective 
harmonic current sharing is used to treat the significant output- 
current harmonics separately by using bandpass filters. 

Virtual inertia: In normal operating conditions, the frequency is 
limited by the narrow margins of the primary controllers, the 
presence of rotating inertia in the system and the frequency- 
dependent consumption of, e.g., electrical motors. The primary 
control stabilizes the frequency after an event, but has no 
significant effect on the initial frequency deviations. As the 
number of generators and loads that are not directly coupled to 
the network is steadily increasing, the available inertia decreases 
(certainly in islanded microgrids) [64]. This decreased inertia 
results in faster and larger frequency deviations after an event, 
which may cause problems in the network [65-70]. To emulate 
rotating inertia, the DG units can be operated as virtual synchro- 
nous generators (VSGs). VSGs require additional reserve, which 
enables them to damp initial transients and stabilize the system. 
The additional control power can support the frequency stability 
even before the primary reserve is activated, hence, contributes to 
the pre-primary reserve of the microgrid. Different variants of a 
VSG exist, such as VSGs based on frequency measurements 
in [65,66], VSGs based on power measurements in [67,71] and 
synchronverters in [70,72]. 


5.2. P/V droop control 


Low-voltage networks are mainly resistive, leading to the 
usage of P/V droop controllers. A disadvantage of this method 
is that the compatibility with the large central generators can be 
lost if the DG units need to contribute in the load sharing evenly 
with the synchronous generators. However, islanded operation 
is considered here. The advantage is that there is a better match 
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Hence, the active power is mainly linked with the voltage 
difference, while reactive power is mainly linked with the phase 
angle, hence frequency. This leads to P/V and Q/f droops as 
opposed to the conventional P/f and Q/V droops [7,40,73-75]. 
The active and reactive power is measured and drooped to obtain 
the rms voltage and its frequency respectively 


Vi = Vref +Kp(Pi,rer—Pi) (25) 


Wi = Wref + Ko (Qi ret ~Q) (26) 


with Kp < 0 and Kg > 0. The control scheme is depicted in Fig. 16. 

In [75], the P/V droops are compared with the P/f droops. It is 
concluded that the former are better in resistive networks as they 
give a more damped response. 


5.2.2. Variants on P/V droop control 

Virtual output impedance: A resistive virtual output impedance 
can be enforced by subtracting a proportional term of the output 
current from the reference voltage [50] 


Vref = Vref, from droops—igRy (27) 


The main advantages are: P/Q decoupling, an enhanced stability 
and dynamic response of the studied system (a more damped 
system) [50,53]. 

In [76], this is extended with G-H droops in combination with 
P-V and Q-f droops. 

Voltage-based droop control: In voltage-based droop (VBD) 
control strategy of [77], the P/V droop controller is divided into 
two droop controllers and constant-power bands are included as 
depicted in Fig. 17. In a VSI, the dc-link voltage Vy. automatically 
shows changes in the ac or dc power. A Vg/Vac droop controller is 
used to enable power balancing between the ac and dc-side of the 


between the control strategies and the characteristics of the 
considered networks, such as the lack of rotating inertia, resistive ¥,/Vae-deoop controller P/Vg-droop controller 
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neglected [2]. This is especially true for DG units without grid- Q/f-droop controller pda 
side inductor or transformer, where the output inductance is f voltage controller > 
very small [2]. In case of mainly resistive lines, the power flow Q f 
equations become: Ton 
Ey 
Px — [E -E 23 
p EE] (23) Q 
Qao 
x Eii E2ò] (24) 
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Fig. 16. P/V droop control: P/V droops and Q/f droops. 
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VSI: 


Vg = Vener +Kv(Vac—Vacret) (28) 


with Ky >0. In order to also include voltage limiting, Pac/Vg 
droops are used. A dead-band is included, which is called the 
constant-power band 


Pac,nom —Kp(Vg—-(1 + b)Ve.nom) 

if Vg > 14D eam 
Picnomn 

if (1—b)Vg nom < Vg < (1+ b)V g nom 
Pac,nom—Kp(Vg—(1—b)Vg,nom) 

if Vg < (1—Þb)V gnom 


Pac = (29) 


The width 2b of this band is dependent on the nature of the 
source as shown in Fig. 18. Dispatchable DG units have small 
constant-power bands to fully take advantage of their power 
control capabilities. The less dispatchable units, such as renew- 
ables, also contribute in the power sharing and balancing, but 
have a large band. Hence, changing the input power of these units 
is only required for large deviations from the grid voltage to its 
nominal value. The overall control scheme is depicted in Fig. 19. 

Note that the conventional P/V droop of Fig. 16 also requires an 
additional controller for the dc-link balancing, which is achieved 
by the Vg/Vac droop controller in the VBD control scheme. 

In [75], a dead band around the nominal voltage and frequency 
is used as well. This dead band prevents control actions for each 
Vg and f deviation, which may lead to stability problems such as 
oscillations in the system [75]. 


625 


In [78], an additional loop is included in the VBD control 
strategy to ensure controllable harmonic power sharing. 

Derivative term: To also improve the dynamics of the system, a 
derivative term is included in [50] 


dP 


V; = Vref —nP—Ng dt (30) 


d 
= Oret +MQ-4 gE (31) 
The controller does not include integrating terms as this would 
induce an unstable system [50]. 


5.3. Frequency-based signal injection 


Several current sharing techniques based on frequency encod- 
ing of the current-sharing information have been presented. The 
network lines are used for the communication for the power 
sharing (power-line communication). This method has significant 
advantages, particularly concerning its reliability as no intercon- 
nections between the modules are required, avoiding single- 
point of failure mechanisms, analogous as the P/f and P/V droops. 
With the frequency-encoding approach, the designer can select 
the frequency range over which the current-sharing information 
is communicated and can use this design freedom to achieve 
objectives such as noise minimization [79]. 

In [37], a small ac signal is injected in the system as control 
signal for P and Q (and the distortion current). The control scheme is 
shown in Fig. 20. For example for Q, the measured Q is drooped with 
droop K,yippie,x to obtain the frequency fg of the ripple component in 
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Fig. 18. VBD control: constant-power bands. (a) dispatchable unit, (b) less controllable unit (without storage nor controllable load), and (c) renewable energy source. 
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Fig. 19. VBD control: P/V droops and Q/f droops, Vg/Vac droop controller and constant-power bands. 
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the output voltage: 


fo =foo +KyippiexQ (32) 


A signal V, cos(27fgt) is added to the reference voltage of for 
example, 230 V/50 Hz, with V, a constant value. For two DG units, 
foi *fa2 such that in the system analysis, phase angle deviations 
instead of frequency differences can be considered. Hence, if Qı 
increases, then fg >fo,2 and the phase angle of the first unit will 
keep increasing relatively to that of the second one. From the power 
flow equations in inductive lines, it follows that the active power 
at the considered frequency fg of the first unit will increase 
Pr, > Pro. A PLL is used to measure this frequency component in 
the current, the voltage is known as it is a controlled variable. With 
both values, the active power in this frequency component (Pf, ) is 
obtained. For the reactive power sharing, this active power is 
drooped to obtain the reference amplitude of the fundamental 


voltage such that Vg, will decrease: 
V1 = Veret—KoPy, (33) 


In this way, a Q/V droop is achieved, but indirectly through the 
frequency component fg. A disadvantage of this method is its 


Fundamental voltage 


complexity and the need to measure and generate high-frequency 
components. 

In [37], the harmonic distortion D caused by non-linear loads 
is shared in an analogous manner. A control signal with a 
frequency that is drooped with D is injected. The power in this 
injected control signal is then used to adjust the bandwidth of the 
voltage loop of the inverter. 

In Fig. 21, the method of [79] is depicted. Each module injects 
into the current-sharing bus a signal with a frequency that is 
related to its output current/power. The needed perturbations in 
the output current are generated in the converters under current- 
mode control. The resulting signal is available for each module. 
Each module employs a frequency estimator to calculate a 
weighted average West of the frequency content of the aggregate 
signal [79]. 

In Fig. 22, the method of [79,80] is depicted where the 
switching ripple of the modules is used as the perturbation 
source. Each converter is controlled such that its average cur- 
rent/power is directly related to its switching frequency. The 
aggregate output ripple voltage contains information about the 
output of the individual modules. This approach has the benefit 
that no additional ripple is injected into the output to encode the 
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Fig. 21. Frequency based signal injection with perturbation generator. 
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Fig. 22. Frequency based signal injection with changing the switching frequency. 


current sharing information, and controlling the switching fre- 
quency of the converters is typically straightforward. 


6. Hybrid control 


Although droop control does not ensure a constant V and f, 
nor an exact power sharing, its advantage of avoiding control- 
interconnections makes it a competitive solution [57]. The aver- 
age current sharing control strategy does need communication, 
but ensures an accurate V and f control. Therefore, in [57] a hybrid 
solution combining these two controllers is presented. 


7. Conclusions 


This paper presents an overview of different primary control 
strategies for grid-forming converters in islanded microgrids. 
Detailed control schemes have been included. Central control is 
a simple and stable strategy providing a good current sharing, but 
a low reliability and redundancy. Master/slave control achieves 
good current sharing and stability as well, but depends on the 
reliability of the master. Droop controllers have been presented to 
avoid critical communication links, thus, to increase the system’s 
reliability, modularity and flexibility. Some improvements have 
been done to overcome the inherent drawbacks. 
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